Negative compressibility is a sign of thermodynamic instability and can only be found in open [1][2][3] or nonequilibrium [4, 5] systems. However, in quantum materials consisting of multiple mutually-coupled subsystems, the effective compressibility of one subsystem can be negative which is countered by the positive compressibility of other subsystems. Manifestations of such negative compressibility in quantum materials have so far been limited to low-dimensional dilute electron systems [6][7] [8] [9] [10] [11] . Their origins have been commonly attributed to a dominance of the exchange energy over kinetic energy of electrons, although other routes to negative electronic compressibility have been conceived in theory [12] . Here we present evidence from angle-resolved photoemission spectroscopy (ARPES) for negative electronic compressibility in a quasi three-dimensional (3D) spin-orbit correlated metal, (Sr 1−x La x ) 3 Ir 2 O 7 , which is driven by a dominance of the correlation energy of electrons at a relatively high density. Increased electron filling results in both an expansion of the electron Fermi pockets and an anomalous decrease of the chemical potential. This anomaly, suggestive of negative electronic compressibility, is made possible by a concomitant rapid lowering in energy of the correlated conduction band on which the chemical potential is defined, unveiling a new band picture of doping Mott insulators. Our finding points to a distinct pathway toward an uncharted territory of negative electronic compressibility which potentially features a variety of bulk correlated metals [13] with unique prospective applications in low-power nanoelectronics and novel metamaterials.
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Understanding the ground-state property of an electron system requires information about its single-particle band structure as well as many-body effects. Both pieces of information are contained in a fundamental thermodynamic quantity-the electronic compressibility, which is defined as κ e = 1 n 2 ∂n ∂µ , where n is the carrier density, µ is the chemical potential. Such information is experimentally accessible, e.g., from ARPES, which provides independent measures of n and the change in µ [14] , as we shall demonstrate in the following. Sr 3 Ir 2 O 7 is an insulator driven by a cooperative interplay between correlation effects and strong spin-orbit coupling of the Ir 5d electrons [15] [16] [17] [18] . It crystallizes in a near tetragonal structure containing two IrO 2 planes per unit cell, with the corresponding in-plane Brillouin zone (BZ) indicated by the white dashed line in Fig. 1a [19] [20] [21] [22] . Sr 3 Ir 2 O 7 has a significantly stronger three dimensionality with the c-axis and in-plane resistivity only differing by ∼4 times, compared to cuprates which have a difference of 2 to 4 orders of magnitude [19] .
Substituting one Sr atom with La effectively dopes one electron into the system, which leads to an insulator-metal transition at x ∼ 0.033 in (Sr 1−x La x ) 3 Ir 2 O 7 [19] . Our ARPES experiment shows that the doped electrons initially populate the conduction band from its bottoms near M points, forming four apparent electron pockets at µ in each BZ (Fig. 1a) .
The number, momentum location, overall shape of the observed pockets and associated band dispersions, agree well with the first-principles calculations (cf. Fig. 1a-e) . As x increases, electron pockets expand in momentum, as indicated by an increasing separation between two given Fermi momenta on the pocket (Fig. 1b & f) . Both n and the effective La substitution level x ARP ES can be estimated for each measured sample based on the four pockets' area percentage in the BZ and known lattice constants [23] . x ARP ES agrees well within error bars with the La substitution level measured using energy-dispersive x-ray spectroscopy (EDX) on the same sample (Fig. 1g) .
A traditional means to determine the change in µ by photoemission is to study the energy shift of core levels, which suffers from a poor experimental resolution and complications by other contributing factors aside from the change in µ itself [14] (see Supplementary Discussion 1 for elaboration). A more accurate and straightforward approach is to study some low-binding-energy (≤ 6 eV) yet fully-occupied valence-band orbitals, which has been demonstrated in the case of a hole-doped cuprate [24] and yielded results consistent with the core-level approach [25] . Energy shifts of these delocalized (Fig. 2a) band-like orbitals can simply represent the change in µ because effects due to other site-dependent and/or local factors are averaged out (see Supplementary Discussion 1). Our observation in (Sr 1−x La x ) 3 Ir 2 O 7 is consistent with this valence-band approach where the general shape of the (deep) valence-band spectra remain qualitatively unchanged with doping, apart from this shift (Fig. 2a-d) . As x increases, we see that, e.g. in Fig. 2d , the O 2p orbital at X point [21] systematically decreases its energy relative to the respective µ, revealing in turn a decrease of µ. A similar behavior was found on different states, such as those around Γ of a mixed Ir-O character displaying an unambiguous overall upward band shift (Fig. 2a-c) . In a rigid-band picture, all energy bands shift equally while maintaining their separations, thus an electron filling increase necessarily leads to an increase of µ. We found the anomalous behavior of µ in metallic (Sr 1−x La x ) 3 Ir 2 O 7 accompany nontrivial motions of the conduction and valence bands at the lowest binding energy. Upon the increase of electron filling, the conduction band bottom at M point sinks deeper under µ (Fig. 3c) , while the valence band top at X point rises (Fig. 3a & b) , resulting in a decrease of their (indirect) bandgap (Fig. 3d) . Their motions are, nevertheless, highly asymmetric, as suggested by Fig. 4a that has combined the doping dependence information of both the µ shift (Fig. 2e ) and the conduction-valence band motion. The conduction band bottom continuously decreases its referenced energy (by ∼100 meV) as x increases from 0.035 to 0.086, whereas the apparent valence band top exhibits an abrupt increase in energy (by ∼150 meV) across x ∼ 0.05, and an otherwise moderate (if any beyond the error bars) shift away from this doping region. This abrupt variation indicates a character change of the dominant states defining the apparent valence band top. The observed spectral evolution across x ∼ 0.05 is consistent with a spectral weight transfer from the original valence-band states to some states newly appearing at lower energy inside the original bandgap (Fig. 4b ). This type of spectral weight transfer was found typical in electron-doped transition-metal oxides [13] , including Sr 2−x La x IrO 4 [26] .
The observed dramatic bandgap reduction, appearance of in-gap states, and spectral weight transfer over a wide energy range, all upon moderate electron doping, point to the correlated nature of the low-lying states close to µ. This overall situation is similar to the electron-doped cuprates, Nd 2−x Ce x CuO 4 [27] (cf. Fig. 4c & d) ; in which the bandgap between the lowest-lying (in-gap) valence band and conduction band is understood as due to antiferromagnetic correlations, and the higher energy (original) valence band is a remnant of the lower Hubbard band [27, 28] . While it remains uncertain as to whether or not the bandgap is similarly magnetic in nature in metallic (Sr 1−x La x ) 3 Ir 2 O 7 , we note the possibility that the J = 1/2 antiferromagnetic correlations at x = 0, driven by the on-site Coulomb repulsion and spin-orbit coupling [15] [16] [17] may persist over short range in the metallic regime and weaken with increasing doping as in Nd 2−x Ce x CuO 4 [27] .
However, a mere reduction of the correlation gap is not sufficient to understand the counterintuitive µ shift observed in (Sr 1−x La x ) 3 Ir 2 O 7 , as µ was found in Nd 2−x Ce x CuO 4 to shift in the normal way [14, 27] (cf. , local electron density fluctuations promote the tendency toward electronic phase separation, which would be frustrated by the long-range Coulomb interaction and then confined to a microscopic scale. While in-gap states can exist in systems without microscopic phase separation (e.g., in Nd 2−x Ce x CuO 4 [27] ), both were found in La 2−x Sr x CuO 4 and may be related to a doping independence of µ observed in a certain doping range [14, 29] . Their possible intimate connection should be further examined in (Sr 1−x La x ) 3 Ir 2 O 7 [22] . On the other hand, strong spin-orbit coupling in iridates is responsible for the conceived formation of an effective J = 1/2 band from a mixture of three t 2g orbitals. It uniquely enables a putative Mott transition to take place on this band without the need of a strong on-site Coulomb repulsion [15] [16] [17] [18] . It has been proposed that a large inter-orbital charge transfer with negative ∂n ∂µ is feasible in a multi-band model with at least one band being close to a Mott transition [12] . To what extent the strong spin-orbit and/or multi-orbital nature of all associated correlated states or, alternatively, subtle structural distortions are relevant to their nontrivial doping-dependent motion is another issue that has to be addressed in order to understand the microscopic driving force for the negative
Our finding suggests that the quasi-3D electron system in metallic (Sr 1−x La x ) 3 Ir 2 O 7 likely represents the first experimental case of negative κ e in three dimensions, which has been discussed in theory [12, 30] as an important complement to the lower-dimensional cases found in the conventional [6, 7] or oxide [8] semiconductor heterojunctions, monolayer [9] and bilayer [10] graphene, and carbon nanotubes [11] . Those cases were established mainly by two probes for κ e via the quantum capacitance [6, 8, 9, 11] and electric field penetration [7, 8] , both proportional to We have presented experimental evidence for a new route toward realizing negative κ e via a dominance of the correlation energy, instead of the exchange energy that dominates in all other known cases of negative κ e [6] [7] [8] [9] [10] [11] . As initially proposed in theory [12] , such a route could in principle apply to many correlated materials. The potentially important roles of strong spin-orbit coupling and multi-orbital participation that had not been adequately considered, might provide new perspectives for a more complete theoretical understanding of the negative κ e phenomena, as well as a good motive for future surveys on other spin-orbit and/or multi-band correlated metals, such as doped transition-metal oxides or dichalcogenides.
Discovery of bulk materials with negative κ e would lead to unique possibilities for related research and applications. According to the compressibility sum rule [30] , a negative κ e leads to a negative dielectric constant near zero frequency. The bulk nature of these materials would thus allow for RF-optical study of their κ e , as well as their applications in metamaterials as active components, neither being possible for their lower-dimensional counterparts. Use of metal electrodes with negative quantum capacitance in transistors can effectively enhance their gate capacitances, presenting an alternative to the use of "high-κ" dielectric for miniaturization of devices that switch at low voltage with minimal gate-to-channel leakage [8] . Compared with two-dimensional electron/hole systems [6] [7] [8] , doped correlated metals are typically associated with a high correlation energy scale (on the order of 100 meV) [13] ; due to their 3D bulk nature, they are amenable to changes of environment as well as deposition onto any substrate, creating devices with working resistance tunable by film thickness. Application of these materials with negative κ e in transistors thus promises a good adaptability to the existing CMOS architecture, and could potentially enable room-temperature (field independent) and variable-frequency device operation.
Methods
Single crystals of (Sr 1−x La x ) 3 Ir 2 O 7 with different x were grown by flux techniques similar to earlier reports [19, 23] . First-principles calculations were performed in a similar way to Ref. [22] using the Vienna Ab initio Simulation Package (VASP). The core and valence electrons were described by the projector augmented wave (PAW) and a plane wave basis, respectively.
Exchange-correlation effects were treated using the generalized gradient approximation (GGA). A √ 2 × √ 2 superlattice was used with an in-plane lattice constant a ∼ 3.9Å, due We have also studied the energy shifts of the Ir 4f and Sr 3d core levels in (Sr 1−x La x ) 3 Ir 2 O 7 at selected x. The results are qualitatively consistent with those for the deep valence band states (Fig. S2) . The much increased error bars in these shifts (compared to those in Main   Fig. 2e ) are due to a poor energy resolution (50 meV) of the core level measurement [4] and the broad inherent width of the core level peaks. This uncertainty, together with the lack of doping levels studied and the possibility that other energy terms may have a weak accelerates or decelerates the photoelectrons. As a result, the kinetic energy (E k ) of these photoelectrons measured by the detector in the analyzer is typically different from that of the same photoelectrons right emitted from the sample surface (E k ). For the photoemission from some given states, change in the sample work function Φ S with a fixed sample chemical potential would result in a change in E k , but not E k , i.e., there would be no energy shift of [7] .
